Most procaryotic transposable elements encode a protein, the transposase, which is necessary for transposition of that element (27) . Transposition requires cellular factors in addition to transposase. A complex of two small, histonelike proteins has been shown to be necessary for Mu transposition in vitro (10) . This complex probably plays a mechanistic role in Mu transposition (10) . Transposition o& IS] and TnJO appears to require another complex of host proteins, the integration host factor (IHF), although it is not clear what role the IHF plays in ISJ transposition (14; D. Morisato, personal communication). IHF consists of two small proteins with homology to the histone protein Hi (11, 26) . IHF also is involved in the site-specific integration-excision of bacteriophage k (26) .
TnS is a compound transposon. It consists of the insertion sequences IS5OR and IS50L, in an inverted orientation relative to one another, flanking a region that contains antibiotic resistance genes. The transposase is encoded by IS50R (35) . When TnS transposes, the outer ends of the compound transposon are used. The bases which constitute a minimal functional outer-end sequence have been defined (22) . When the insertion sequence IS50 transposes, one outer end and one inner end of IS50 are used as the substrates. The sequence requirements at the inner end have also been examined (38) . Two host proteins have been implicated in TnS transposition. DNA gyrase has been shown to be needed to keep the target molecule in the transposition reaction supercoiled (20) . DNA polymerase I is also required, but only under certain experimental conditions (39, 44) . It is unclear which of the functions of DNA polymerase I are needed for TnS transposition (44) .
The sequences at the outer end of Tn5 that are necessary for transposition (22) contain homology to a repeated sequence in the Escherichia coli origin of replication (45) . This sequence will be referred to as a DnaA box. Purified DnaA protein, the product of an essential host gene (17) , binds to this sequence, both in the E. coli origin and at the outer end of TnS (13) .
In this paper we investigate the requirement for the DnaA protein in TnS transposition in vivo. We show that it is required for full transposition proficiency. The DnaA protein does not affect the pattern of TnS gene expression. Therefore, we postulate that it probably plays a direct role in the transposition reaction.
MATERIALS AND METHODS
Media, supplies, and general techniques. All bacteria were grown in LB broth or M9 medium supplemented with appropriate amino acids and vitamins (33) . Antibiotic concentrations used were as follows: kanamycin, 40 jig/ml; tetracycline, 5 ,ig/ml; gentamicin, 5 ,ug/ml; chloramphenicol, 10 pLg/ml; and ampicillin, 100 ,xg/ml. Antibiotics were purchased from Sigma Chemical Co. All radioactive compounds were from Amersham Corp. Restriction enzymes were from New England BioLabs, Inc., Bethesda Research Laboratories, Inc., or Promega Biotec. Si nuclease and calf intestinal alkaline phosphatase were from Boehringer Mannheim Biochemicals. T4 polynucleotide kinase was from P-L Biochemicals, Inc. The large fragment of DNA polymerase I and T4 DNA ligase were gifts of M. Cox, F. Pugh, and B. Schutte. The recombinant DNA experiments were performed as described previously (31) .
Strains, bacteriophages, and plasmids. All of the bacterial strains, bacteriophages, and plasmids used are described in Table 1 . In general, antibiotic selection was maintained at all times for bacterial strains containing plasmids and insertions of transposons in the chromosome. Strains were constructed as described by Miller (33) except when noted.
The parental strain was D47.00 (CSH26 [33] ). The RNase H::Tn3 (18) marker was introduced by P1 transduction, selecting for ampicillin resistance. The dnaA::TnJO marker was moved by A-mediated transduction as described previously (28) . Tetracycline-sensitive derivatives were selected by the technique of Bochner et al. (7) .
The dnaA mutants were monitored for the loss of function by a combination of techniques. (i) Tetracycline-sensitive derivatives were selected and shown to be incapable of maintaining pSC101. (ii) A fraction II crude extract was prepared and used to measure oriC replication programmed by an M13oriC template (13) . The dependency on DnaA was shown by the addition of purified DnaA protein (kindly provided by R. Fuller). (iii) Southern blot analysis was performed as described previously (28) , except that the plasmid pRB100 (8) was used as the probe. MboI. pRZ102 and RSF1O1O::TnS have been described previously (23, 25) , as have pRB100, pRB101, pRB25, and pRB36 (8) . pBF110 and pBF1509 were kindly provided by R. Fuller This plasmid was used in the cis complementation experiment (see Table 5 ).
Transposition assays. The lambda induction assay determines the frequency of transposition of Tn5 onto a A prophage as measured by the abundance of A::TnS-transducing phage per infectious unit after prophage induction. This assay has been described previously (23) , and the measurement of A::TnS was determined as described above. This assay was used in one of the experiments to test the effect of overproducing the DnaA protein.
The mating-out assay determines the frequency of transposition onto an F factor as measured by the occurrence of antibiotic-resistant exconjugants subsequent to a bacterial mating experiment. The mating-out transposition assay was performed as described previously (23), except that the cells were grown at 34°C and the mating mixture was also incubated at 34°C. A 10-RI portion of a freshly saturated, washed culture of the male and female strains was mixed in 1 ml of broth and incubated with slow shaking for 6 to 12 h.
The cells were diluted and plated on appropriate media. A pOXgen derivative of the F factor was used. The exconjugants were selected on LB agar plates containing 200 pug of spectinomycin per ml and 10 ,g of gentamicin per ml. Cells containing-transposition prodiicts were measured on LB agar plates containing 200 jig of spectinomycin per ml, 50 ,g of nalidixic acid per ml, 5 ,ug of gentamicin per ml, and 40 jig of kanamycin per ml. Strain B7.21 was used as the female strain in all matings.
The mating mixtures of male and female cells were diluted and plated to yield approximately 50 to 500 colonies per plate. The variation within a set of assays was usually less than twofold. All assays were performed in triplicate on a given day, and the numbers quoted represent averages of one or two sets of assays.
Si nuclease mapping. RNA was isolated from strains D47.20, D47.22, D48.10, and D48.15 carrying pRZ102. The Si mapping procedure, probes, and polyacrylamide gel analysis were identical to those described elsewhere (J. C. P. Yin, M. P. Krebs, and W. S. Reznikoff, J. Mol. Biol., in press). RESULTS dnaA mutations and TnS transposition. Figure 1 shows the features of TnS that are known to play a direct role in the transposition process. The transposase (Pi) is encoded by IS50R (35) . Twenty-one base pairs at the outer end of IS50L and all of ISSOR are sufficient for transposition of Tn5 (22) . Within the required 21 base pairs is a sequence very similar to a sequence that appears four times in the E. coli origin of replication (45) . This sequence in ISS0 and oriC has been shown to be a binding site for the DnaA protein in vitro (12) .
To determine whether dnaA is required for transposition of TnS in vivo, transposition frequencies were measured in a series of E. coli strains with mutations in the dnaA gene. For these dnaA mutants to grow, they must contain an extragenic suppressor of the dnaA mutation (2, 27, 28, 32) . Three different suppressors of dnaA lethality were used: the rnh::Tn3 mutation and either an R factor or phage P2 as an integrative suppressor (2, 27, 28, 32) . Table 1 lists the relevant strains, mutations, and suppressors. Three independent assays (see Materials and Methods) were used to confirm the lack of functional DnaA protein in the appropriate strains.
The data in Table 2 show the effect of mutations in the dnaA gene on TnS transposition. An insertion of TnWO in the dnaA structural gene decreased transposition 25-fold when compared with transposition in a wild-type strain (lines 1 and 3). There was a 13-fold decrease in transposition between a RNase H mutant and the otherwise isogenic dnaA+ strain (lines 2 and 3). RNase H mutants are extragenic suppressors of dnaA mutations which allow secondary replication origins to be used in a dnaA-independent manner (28) . The RNase H mutation by itself had a negligible effect on the TnS transposition (lines 1 and 2).
The following results ( All cells carry the plasmid RSF1010::Tn5, which is the source of Tn5 in the transposition assay. Cells also carry a compatible coresident plasmid which contains a cloned copy of a functional or nonfunctional dnaA gene.
bThe steady-state assay was used to measure transposition.
affected TnS transposition (lines 13 and 14), the effect of different dnaA null alleles on transposition appears to be similar.
From these results we conclude that mutations in dnaA decrease the frequency of Tn5 transposition. This effect is independent of the starting location of Tn5, the transposition assay used, the second-site suppressor used to permit cell growth, and the particular null allele of the dnaA gene.
The dnaA mutation does not affect Tn5 transposition indirectly by affecting A absorption. This possibility is ruled out by the following evidence. First, dnaA had the same qualitative effect on TnS transposition by the X induction assay (data not shown). This assay measures transposition onto an induced prophage and is independent of any possible adsorption problems. Second, Tn3 and TnJO transposition showed no dnaA sensitivity by the same set of assays (data not shown). Third, phage growth was consistently better in the dnaA mutant background, an unlikely result if there were an absorption defect.
Control for polarity. Since the dnaA gene is part of an operon (36) , inactivation of the structural gene through either an insertion mutation or an amber mutation may result in polarity on the expression of a distal gene such as dnaN. Therefore, we determined whether the effect of the dnaA mutation on Tn5 transposition was due to the inactivation of the dnaA gene itself or to a possible polar effect on distal gene expression.
Transposition experiments were performed with wild-type or dnaA mutant cells which also contained plasmid clones of a functional or defective dnaA gene (8) . Besides the functional or defective dnaA gene, the plasmids contained no other chromosomal genes. A cloned copy of the wild-type dnaA gene reversed the effect of a TnJO insertion in the chromosomal gene, while a cloned copy of an inactive dnaA gene did not (Table 3 ). This result shows that the effect of the dnaA mutation on Tn5 transposition is primarily due to the inactivation of the dnaA gene itself.
Direct effect on TnS. To show that the effect of the dnaA mutation on Tn5 transposition is mediated by the DnaA box at the outer end of TnS, the effect of a single point mutation in the dnaA consensus sequence was examined. One of the conserved bases in the sequence homology (46) was mutated to the sequence shown in Table 4 . To assay the transposition of this mutant, we used compound elements which contain a wild-type IS50 sequence and the outer-end sequences of IS5OL (with or without the mutation). These sequences flank a selectable marker, the tetracycline resistance gene.
The effect of the DnaA box mutation on transposition is presented in Table 4 . In cells containing the DnaA protein, the point mutation reduced transposition 50-fold (lines 1 and 2). The residual amount of transposition which the mutant shows was still above the background frequency of a deletion which removed one of the bases from the DnaA box (lines 2 and 3). In the absence of the DnaA protein, transposition with wild-type ends decreased eightfold (lines 1 and 4), as was also shown above ( Table 2 ). In cells which lack dnaA and also contain a mutant DnaA box, transposition decreased an additional sixfold (lines 4 and 5). Thus, the DnaA box mutation decreased transposition whether or not the DnaA protein was present. In the presence of the mutation in the DnaA box, there was no additional effect when the DnaA protein was removed by mutation (lines 2 and 5).
The effect of the DnaA box mutation (50-fold), even when present on only one end of the element, was greater than the effect of removing the DnaA protein (8-fold). The simplest interpretation of these results is that the single-base change in the DnaA box affects the participation of two different components of the transposition machinery, the DnaA protein and an additional factor or factors. Presumably the total effect of the mutation in the DnaA box is the product of the effect of removing the DnaA protein and the effect on the additional factor or factors.
dnaA and IS50 transposition. Since the DnaA box appears only in the outer-end sequences of ISSO (Fig. 1) (2, 3, 40) . We therefore examined the possible role of such an interaction in the transcription of Tri genes. Since the transposition frequency of TnS has been shown to be a function of the concentration of both the transposase, Pi (Yin et al., in press), and the inhibitor, P2 (19, 24 ; submitted for publication), the DnaA protein might either stimulate expression of Pi or depress expression of P2. It has been shown previously that Pi is translated from the Ti transcript, while P2 is translated from the T2 transcript (29) . Since the DnaA box is approximately 13 base pairs away from the putative -35 region of the Ti promoter and about 45 base pairs away from the -35 region of the T2 promoter (29) , the DnaA protein could affect transcription from either promoter.
Si mapping experiments on RNA isolated from either wild-type or dnaA mutant cells showed no difference in the pattern of protection for the two-major transcripts from Tn5. Figure 2 is an autoradiogram of the gel from the Si analysis. The levels of the Ti and T2 transcripts did not appreciably change in the mutant cells (compare lanes a and b) . When the dam methylation mutation was added to these strains, there was still no effect of the dnaA mutation on the Ti or T2 transcripts (lanes c and d), although they showed the characteristic response to the tnethylation mutation (e.g., compare lanes a and c or lanes b and d) .
Furthermore, the DnaA protein is required for TnS transposition even when the transposase is expressed from a heterologous promoter. The dependence of transposition on dnaA was measured in cells in which transposase mRNA was placed under the control of the X PR promoter (M. Krebs, personal communication). The requirement of this element for the DnaA protein (Table 6 , lines 3 and 4) was very similar to the requirement of the wild-type element (lines 1 and 2). Taken together, these two experiments show that dnaA does not affect TnS transposition by affecting transcriptional initiation on the element.
Effect of overproducing DnaA. Since decreasing the amount of the DnaA protein decreases transposition, increasing the amount of the DnaA protein might increase the transposition frequency. Table 7 presents transposition data from various clones which overproduce the DnaA protein.
Two of these clones place the dnaA gene under the control of the X PL promoter (13; R. Fuller, personal communication). Under fully inducing conditions, pBF11O overproduces the DnaA protein about 200-fold (13) . The transposition experiments which involved these two clones were not performed under fully inducing conditions, nor was the amount of overproduction of the DnaA protein measured. The third clone which overproduces the DnaA protein places the dnaA gene under control of the lactose promoter (8) . Transposition experiments with this overproducer were done in a strain deficient for the lactose repressor. Within the range of overproduction that these clones exhibit under these experimental conditions, there did not appear to be any stimulation of Tn5 transposition. Some of the experiments presented in Table 7 were performed with dam mutants (lines 1 (28, 40) to investigate the requirement for the DnaA protein in TnS transposition. Both a TnJO insertion and an amber mutation result in a substantial decrease in transposition. The requirement for the DnaA protein in TnS transposition is not absolute, since the decrease in the transposition frequency is only about 10-fold (Table 2) . Mutations in the transposase or the sequences required at the outer end of TnS have effects of at least 100-fold (22, 35) .
Control experiments show that this effect is largely independent of the transposition assay, the type of suppressor which allows cell growth in the absence of the DnaA protein, and the donor site from which TnS starts. A cloned copy of the dnaA gene reverses this effect, showing that directly or indirectly, the requirement is for the DnaA protein itself. Analysis of a single point mutation in the consensus DnaA box present at the outside end of TnS is consistent with the interpretation that the DnaA protein interacts with this site. This genetic evidence, taken together with results of an in vitro binding experiment (12) , suggests that dnaA exerts its effect on TnS transposition by somehow acting through this site. Since transposition of IS50 does not require the DnaA protein, the protein seems to function by interacting with the two DnaA box sequences located at each outer end of Tn5. An additional piece of evidence that supports this interpretation is that transposition of Tn3, Tn9, and TnJO is unaffected by mutations in the dnaA gene (data not shown).
None of these elements contains DnaA box sequences.
The data indicate that mutations in the dnaA gene do not affect Tn5 transcriptional initiation. There is no effect on the levels of the two major transcripts Ti and T2, nor is the amount of readthrough transcription affected. The complementation experiment presented in Table 6 is also consistent with the interpretation that mutations in dnaA have no effect on TnS transcriptional initiation. Therefore, the requirement for the DnaA protein is probably not at the level of TnS gene expression.
Role of dnaA in the cell. The DnaA protein is known to have two functions in the cell: repression of transcriptional initiation (8, 43 ; D. Smith, personal communication) and a role in the initiation of DNA replication (12, (15) (16) (17) . Both of these functions are thought to involve binding of the protein at DnaA boxes, and binding with purified protein at some sites has been shown (8, 12) . Is the requirement of the DnaA protein in TnS transposition related to any of these other functions which dnaA is known to perform?
Repression. It is clear from the Si mapping data and the complementation experiment presented in Table 6 that the dnaA mutation does not affect initiation of transcription on TnS. The readthrough transcript which is detected in the Si mapping experiment also is not affected by the dnaA mutation. Therefore, transcriptional elongation entering the element is probably not affected by the DnaA protein. Transcriptional fusion experiments which measure the amount of transcription traversing the DnaA box in either direction also show that dnaA has no effect (data not shown). However, the quality of the transcript, rather than the quantity, may be the important factor in TnS transposition. It is possible that an RNA polymerase-DnaA protein complex is formed when RNA polymerase crosses the DnaA box and that this complex is the important species for TnS transposition. There is some precedence for this hypothesis in the transcriptional activation model of oriC replication (43) . We have no data to support or refute this model.
Replication. There is no direct evidence on whether extensive replication is needed by Tn5 in the transposition process (6, 21 A related possibility is that the DnaA protein facilitates the binding and/or function of transposase at the outer end. The spatial relationship between the presumed transposasebinding site, 5'-CTGACTCTT-3', and the DnaA box is very interesting, since they actually overlap (Fig. 1 ). This overlap in binding sites is very similar to the relationship between the presumed transposase-binding site in IS] and the IHFbinding site (14) . It is tempting to speculate that the two host factors may be performing analogous roles in the transposition process of these two elements.
Interaction of dam methylation and the DnaA protein. There is evidence that the dam methylation system and the DnaA protein probably interact. The DnaA protein represses expression of the dam gene (D. Smith, personal communication), and it has recently been shown that one of the two dnaA structural gene promoters is activated by dam methylation (9) . Thus, these two genes and their gene products form an autoregulatory circuit. There is also a juxtaposition of DnaA boxes and dam methylation sites in the oriC region (45) and the ori-r region of the phage P1 (1) . Both of these origins require dnaA to function. The oriC region also requires methylated bases to function (32, 42) .
Transposition of IS50 is sensitive to the dam methylation system by a mechanism which increases usage of the inner end as a substrate when it is undermethylated (Yin et al., in press). Usage of the two outer ends during TnS transposition is independent of the dam methylation system (Yin et al., in press) but is stimulated by dnaA. It is possible that these two forms of stimulation, undermethylation acting on IS50 inner ends and the DnaA protein acting on TnS outer ends, are functionally analogous. For example, transposition may require the proper positioning of the two ends of the element together with the transposase. When IS50 transposes, the transposase bound at the outer end and the inner end might bring the ends together to form this complex. Undermethylation of the inner end might stimulate the binding of the transposase to this site. When TnS transposes, the DnaA protein bound at each outer end might bring the two ends together or facilitate the performance of this function by transposase. Thus, usage of either an outer end or an inner end might be facilitated by these two interacting genes and their products.
Celiular regulation of TnS transposition. It is formally possible that the DnaA protein is involved in regulating the timing of TnS transposition. The DnaA protein is known to be involved in the initiation of chromosomal replication (13, 17) . This initiation event is a regulated process which occurs once per cell division. However, the DnaA protein is believed to be synthesized at a constant rate throughout the cell cycle (37 
